Acetyl-coenzyme A carboxylase (ACCase) catalyzes the formation of malonyl-coenzyme A, which is used in the plastid for fatty acid synthesis and in the cytosol for severa1 pathways including fatty acid elongation and flavonoid synthesis. Two overlapping Arabidopsis genomic clones were isolated and sequenced to determine the entire ACCase-coding region. Thirty introns with an average size of 94 bp were identified by comparison with an alfalfa ACCase cDNA sequence. l h e 10-kb Arabidopsis ACCase gene encodes a 251-kD polypeptide, which has 80% amino acid sequence identity with alfalfa ACCase and about 40% identity with ACCase of rat, chicken, yeast, and the diatom Cyclotella. No chloroplast transit peptide sequence was observed, suggesting that this Arabidopsis gene encodes a cytosolic ACCase isozyme. ACCase gene transcripts were detected by RNase protection assays in Arabidopsis root, leaf, silique, and seed. Cenomic DNA blot analysis revealed the presence of a second related Arabidopsis ACCase gene.
ACCase (EC 6.4.1.2) catalyzes the ATP-dependent carboxylation of acetyl-COA to produce malonyl-COA. This reaction occurs in two steps: carboxylation of a biotin prosthetic group using HC03-as carboxyl donor, followed by transfer of the carboxyl group from biotin to acetyl-COA. The biotin carboxylase, carboxyl transferase, and biotin components of ACCase are each associated with different polypeptides in prokaryotes (Samols et al., 1988) . In contrast, ACCase of nonplant eukaryotes is composed of multimers of a single multifunctional polypeptide.
In plants, evidence for both a prokaryotic type ACCase (Kannangara and Stumpf, 1972; Nikolau et al., 1993 ; Sasaki et al., 1993) and a eukaryotic type (Hanvood, 1988) has been obtained. The malonyl-COA produced by ACCase is used in a wide variety of reactions and pathways in plants, including fatty acid synthesis and elongation (Harwood, 1988) , flavonoid synthesis (Ebel and Hahlbrock, 1977;  Ebel et al., 1984) , malonation of the ethylene precursor aminocyclopropane-1 -carboxylate (Liu et al., 1983;  Kionka and Amrhein, 1984) , and malonation of amino acids and glycosides.
Malonyl-COA must be available in multiple subcellular locations because some of these reactions, such as fatty acid synthesis, occur in the plastid and others, such as flavonoid ' This research was supported in part by grants from the National Science Foundation (DCB 90-05290) and the Midwest Plant Biotechnology Consortium. Acknowledgement is also made of the Michigan Agricultura1 Experiment Station for its support of this work.
weight of this tissue (Goodwin and Mercer, 1983) . In some tissues, ACCase might provide malonyl-COA constitutively to produce fatty acids for membrane synthesis and maintenance while providing a 'burst" of malonyl-COA for only a short period to synthesize flavonoids during exposure to UV light (Ebel and Hahlbrock, 1977) or during funga1 pathogen attack (Ebel et al., 1984) .
How ACCase provides malonyl-COA in such diverse locations, times, and tissues is not clearly understood. Presumably, multiple ACCase genes, transcriptional regulation, and posttranscriptional regulation could a11 be involved. To gain insight into which of these possibilities might occur, we are investigating ACCase gene structure, organization, and expression in Arabidopsis. In this report we describe the isolation and expression of an ACCase gene that probably encodes a cytosolic isozyme.
MATERIALS AND METHODS lsolation and Sequence Analysis of Cenomic Clones
To obtain an ACCase probe, PCR was camed out with a coriander endosperm cDNA library (Cahoon et al., 1992) . Degenerate primers were prepared to two peptides conserved in ACCase of rat, chicken, and Cyclotella: VEIKFR and FADLHD, corresponding to residues 2038 to 2043 and 2102 to 2107 of Figure 2 . A 207-bp PCR product with identity to known ACCase sequences was obtained and used to screen an Arabidopsis thalinna ecotype Columbia Agem 11 genomic library (kindly provided by Came Schneider and Chris Somerville). One positive clone was obtained by screening 1.6 X 105 plaques. An EcoRIISalI restriction fragment of this clone, corresponding to residues 1520 to 1586 of Figure 2 , was used to reprobe the same filters, and four additional positive clones were obtained. The same genomic library was subsequently screened with restriction fragments of an alfalfa ACCase cDNA (probes named "5'" and '3'ACC" by Shorrosh et al., 1994) and six more positive clones were obtained. Plant Physiol. Restriction mapping plus partia1 sequence analysis of overlapping regions revealed that these 11 clones a11 likely represented the same gene and that none contained the entire ACCase-coding region (not shown). Two overlapping clones of approximately 12 and 14 kb (ACC-2 and ACC-7, respectively, of Fig. 1 ) were then sequenced extensively to determine the coding region. A11 of the coding region included in ACC-7 was sequenced, and the remainder of the coding region was obtained from ACC-2. Both strands of the coding region were sequenced in their entirety as subclones in pBluescript KS+ (Stratagene) using either dideoxy chain termination with the Sequenase kit (United States Biochemical) or a dye-primer method through the Michigan State University sequencing facility.
cDNA Synthesis
To confirm the identity of the ACCase start Met, a cDNA that included the surrounding region was synthesized and sequenced. First-strand cDNA was synthesized with Moloney murine leukemia virus reverse transcriptase using 5 pg of Arabidopsis total RNA and a 17-mer primer 00177) corresponding to the region encoding Asn354 to Va1359 of Figure 2 . Double-stranded cDNA was then synthesized by PCR with the first-strand cDNA as template, using JO177 and a primer 00190) from the 5' nontranslated region of the ACCase gene. An aliquot of this PCR product was used in a second round of PCR with JOl90 and a 3' primer 00191) correspondmg to the region encoding Leu'77 to Ser'sz of Figure 2 . First-strand cDNA synthesis and PCR reactions were done under conditions similar to those described elsewhere (Shorrosh et al., 1994) . The resulting PCR product of 575 bp was sequenced and found to be identical with the corresponding genomic DNA sequence except that the first intron of Figure  2 was missing in the cDNA sequence as expected. In both the genomic DNA and cDNA sequences, an in-frame stop codon was observed 15 bp upstream from the start Met of Figure 2 .
Cenomic DNA Blot Analysis
Arabidopsis genomic DNA (10 pg) was digested with BglII, EcoRI, HindIII, or SacI, electrophoresed in a 0.8% agarose gel, and blotted to Zetaprobe nylon membrane (Bio-Rad) in 0.4 N NaOH. The probe was a random hexamer-labeled 1316-bp SacI fragment of the ACCase gene (probe 1 of Fig. 1 ). Hybridization was canied out in 5X SSC, 0.05X Bbotto (Sambrook et al., 1989) at 55OC for 16 h. The blot was washed twice for 30 min each in 0.2X SSC, 0.1% SDS at Ei5OC.
RNase Protection Analysis
Plasmid pBluesaipt KS+ containing a 3345-bp SacI fragment of the ACCase gene was linearized with BglII, and a 643-nuclleotide 32P-labeled RNA probe was synthesized with T3 polymerase using the materials and procedure of a Maxiscript kiit (Ambion, Austin, TX). The RNA probe contained 527 nucleotides from the ACCase gene (corresponding to probe 2 of Fig. 1 ) with the remainder from the vector polylinker. RNase protection assays were done using an RPA I1 kit (Ambion). The labeled RNA probe was hylxidized at 45OC for 16 h with 5 pg of total RNA from Arabidopsis root, leaf, silique (including seed), or seed. After the probe was hybridized, digestion with RNases A and T1 was done, and the labekd, protected RNA was resolved in a 5% polyacrylamide, 8 M urea gel. Control assays were done with 10 pg each of 'I'orula yeast RNA, with or without the RNase digestion. The RNA was isolated from 5-to 7-week-old.4rabidopsis plants grown in soil in continuous light. The isolation procedure of Hall et al. (1978) was followed except that developing seed was homogenized in a microfuge tribe with a minipestlle.
RESULTS

ACCase Sequence Charaderization
Eleven Arabidopsis ACCase clones were obtained by screening a genomic library with a coriander ACCase PCR product or by screening with restriction fragments of an alfalfa ACCase cDNA. Two overlapping clonej were sequenced to determine the entire ACCase-coding yegion (Fig.  1 ). To erisure that these clones represented the same gene, 940 bp lof the overlapping region, including four introns, were sequenced from both clones and found to be identical. the exon/intron border junctions fit the consensus sequence n/gt.. .a& (Goodall and Filipowicz, 1991) for 29 of the 30 introns. The remaining intron, the 15th from the 5' end, used gc rather than gt at the 5' junction. This border sequence, although rare, has been observed previously in other Arubidopsis introns (evident in a table of 569 Arubidopsis introns compiled by Mike Cherry and posted in Arubidopsis E-mail network, September 13, 1993). The introns ranged in size from 73 to 180 bp and averaged 94 bp. The Arabidopsis ACCase gene encodes a 2254-amino acid polypeptide with a calculated molecular mass of 251 kD and an isoelectric point of 6.0. In severa1 previous studies, ACCase purified from plants comprised a homodimer of >200 kD subunits (Egin-Buhler and Ebel, 1983; Slabas and Hellyer, 1985; Charles and Cheny, 1986; Bettey et al., 1992; Gomicki and Haselkom, 1993) , consistent with the deduced molecular mass of the Arubidopsis polypeptide determined here. Biotin is covalently bound to a Lys residue flanked by Met residues in most biotin-containing polypeptides so far sequenced. This MKM consensus sequence was Plant Physiol. Vol. 105, 1994
Table I. ACCase am/no acid sequence comparisons
The Arabidopsis amino acid sequence was compared with that of alfalfa (Shorrosh et al., 1994) , yeast (Al-Feel et al., 1992) , rat (Lopez-Casillas et al., 1988) , chicken (Takai et al., 1988) identified in Arabidopsis ACCase at residues 710 to 712 (Fig.  2) . A Val residue immediately precedes this tripeptide in all eukaryotic ACCase sequences so far determined, in agreement with the Arabidopsis ACCase but in contrast to the prokaryotic enzyme or to other biotin carboxylases.
Pro residues were observed 27 and 35 positions upstream from this biotin-binding site, similar to previous observations with ACCase of other eukaryotes. These double Pro residues are proposed to form a hinge that allows the HCOs'-binding site to approach the biotin-binding site, thus facilitating carboxyl transfer (Samols et al., 1988) . Regions of the ACCase primary structure proposed to be involved in the binding of ATP, carboxybiorin, and acetyl-CoA (Al-Feel et al., 1992; Li and Cronan, 1992a, 1992b) were also located in the Arabidopsis sequence and are shaded in Figure 2 . The start Met shown in Figure 2 was initially identified based on its surrounding nucleotide sequence (ACAATGGCT), which fits the consensus sequence for higher plant start Mets (Joshi, 1987; Lutcke et al., 1987) . Sequencing 560 bp upstream revealed no other Mets that conformed well to the consensus sequence.
To confirm the identity of the start Met, a cDNA that included the surrounding region was synthesized and sequenced. An in-frame stop codon was observed 15 bp upstream from the start Met in both the genomic and cDNA sequences. The position of the start Met is conserved with that of the alfalfa ACCase start Met, which is also known to be authentic because of in-frame upstream stop codons in the cDNA sequence (Shorrosh et al., 1994) . Features of higher plant chloroplast transit peptides (Keegstra et al., 1989) were not evident in the Arabidopsis sequence. Acidic residues, rare in transit peptides, were observed at positions 19, 25, and 26. Sequence identity with cytosolic ACCase of chicken and rat was observed as near as 20 residues from the start Met, with too few residues remaining to comprise a typical transit peptide of 30 to 70 residues. Other characteristics of transit peptides, such as very abundant Ser and Thr residues, were also absent.
The Arabidopsis ACCase amino acid sequence was compared with ACCase sequences of diverse organisms (Table I) . Substantial identity was found in the N-terminal region containing the biotin carboxylase domain and the biotinbinding site. Considerable identity was also observed in the C-terminal region, which includes the carboxyl transferase domain. In contrast, much less identity was found in the central one-third of the primary structure. Arabidopsis ACCase had 80% amino acid sequence identity overall in comparison with alfalfa ACCase and about 40% identity with ACCase of rat, chicken, yeast, and the alga Cyclotella. Rat liver ACCase is regulated by reversible phosphorylation (Kirn et al., 1989) . None of the seven Ser residues known to be phosphorylated in the rat enzyme are present in Arabidopsis ACCase. Partial sequences of 1306 and 546 residues, respectively, for maize and wheat ACCase are also available (A.R. Ashton, C.L.V. Jenkins, P.R. Whitfield, unpublished data; GenBank sequence Z24449; K.M. Elborough, J.W. Simon, R. Swinhoe, A.R. Ashton, A.R. Slabas, unpublished data; GenBank sequence Z23038). These monocot ACCase sequences have 62 and 69% identity, respectively, with the corresponding regions of Arabidopsis ACCase. Over these same regions, alfalfa ACCase has 74 and 78% identity with the Arabidopsis enzyme.
Genomic ONA Blot Analysis
An Arabidopsis genomic DNA blot was probed with a 1316-bp Sad fragment from the biotin carboxylase region of the ACCase gene (probe 1 of Fig. 1 ). The probe contained one internal EcoRI site. Expected bands of the correct size were observed in each lane (Fig. 3) . In addition, a less prominent, unexpected band was clearly visible in the Bg/II, Hindlll, and Sad lanes, suggesting the presence of a second ACCase gene.
With the Hmdlll digest, the second band was smaller in size than the expected band, thus ruling out any artifact resulting from a partial digest. To further confirm the presence of a second Arabidopsis ACCase gene, a second blot (not shown) was prepared with the same restriction enzymes and probed with a 1152-bp Bglll/Sall fragment from the carboxyl trans- Figure 2 . One extra band was again observed in some lanes, further suggesting the presence of a second gene. Similar evidence for two Arabidopsis ACCase genes has been obtained independently (Yanai et al., 1993) .
RNase Protection Assays
The presence of two cross-hybridizing Arabidopsis ACCase genes seemed likely to complicate RNA blot analysis. Therefore, RNase protection assays rather than RNA blots were done to assess tissue-specific expression of the cloned ACCase gene (Fig. 4) . Only RNA transcripts from the cloned gene should be detected with this assay, since even singlebase mismatches in the hybrid would be cleaved during RNase treatment (Myers et al., 1985) . RNA from Arabidopsis root, leaf, silique, and seed all showed protection by the ACCase probe. The protected fragment was smaller than the probe as expected, since the probe included an additional sequence from the vector polylinker. The yeast control RNA showed no protection.
DISCUSSION
The present study provides two lines of evidence for multiple ACCase genes in Arabidopsis. First, the cloned Arabidopsis gene does not appear to have a transit peptide sequence, suggesting that it encodes a cytosolic ACCase isozyme. Because fatty acid synthesis occurs primarily in the plastid and isolated chloroplasts possess ACCase activity sufficient to support in vivo rates of fatty acid synthesis (Roughan and Laing, 1982) , another gene(s) encoding a plastidial ACCase isozyme must exist. Consistent with this expectation, ACCase has been partially purified from isolated Ricinus plastids (Finlayson and Dennis, 1983) . Second, the genomic DNA blot analysis presented here suggests the presence of two related Arabidopsis ACCase genes. Whether the additional gene encodes a plastidial ACCase isozyme or another cytosolic isozyme is yet to be determined.
The observation of multiple ACCase genes is consistent with previous biochemical studies of the maize enzyme. Two maize ACCase isozymes were purified, only one of which was detected in chloroplasts . It seems likely Sd S L R Y1 Y2 that the maize isozymes are encoded by two genes because polyclonal antibodies to one isozyme did not cross-react well with the other isozyme. Other possible explanations for the two maize isozymes, such as proteolytic processing of a single gene product, alternate splicing of RNA from the same gene, or use of alternate start codons to generate two polypeptides from the same gene would result in polypeptides sharing much structural identity, and substantial antibody crossreactivity would thus have been observed. An ACCase complex of 91-, 87-, and 35-kD subunits was recently proposed for pea chloroplasts (Sasaki et al., 1993) . If a similar complex is present in Arabidopsis, then genes in addition to the one described here would be needed to encode the smaller polypeptides.
The Arabidopsis ACCase gene message was detected in all tissues examined, including both vegetative and reproductive tissues. This apparently ubiquitous expression is not surprising considering the need for malonyl-CoA in the cytosol of all cells. For example, very long chain fatty acids are components of plasma membrane lipids (Cahoon and Lynch, 1991) and are also needed for synthesis of cuticular waxes to cover the surface of both aerial and underground tissues (Harwood, 1988) . These very long chain fatty acids are synthesized outside the plastid by elongation of 16-or 18-carbon fatty acids exported from the plastid. Malonyl-CoA for the elongation reactions must be present in the cytosol and is presumably provided by a cytosolic ACCase. Detection of the cytosolic ACCase gene message in developing seed also seems reasonable. Arabidopsis, like numerous Brassicacea sp., contains the very long chain fatty acids eicosenoic (20:1) and erucic (22:1) in seed storage triacylglycerols (James and Dooner, 1990) , and these fatty acids are also synthesized by elongation of oleic acid exported from the plastid (Pollard and Stumpf, 1980) . Antisense RNA experiments with tissuespecific promoters may help define the precise functions in each tissue for this cytosolic ACCase isozyme. Somers et al. (1993) also reported that one ACCase gene product was present in both leaf and seed in maize; it was the major ACCase isozyme in both tissues and was concluded to be involved in fatty acid biosynthesis for both membranes and seed embryo triacylglycerol. If this is so, this maize gene would encode a plastidial ACCase isozyme and would not correspond to the cytosolic ACCase gene isolated here.
The ubiquitous expression of this Arabidopsis ACCase gene may differ from that of an alfalfa cytosolic ACCase gene. The alfalfa gene message was not detected in alfalfa suspension culture cells except when induced with fungal elicitors (Shorrosh et al., 1994) . Perhaps the primary role of the alfalfa gene is to provide malonyl-CoA for isoflavonoid synthesis when needed for the plant defense system, and at other times this gene is not expressed. Alternatively, the alfalfa gene could be expressed in unelicited cells at a basal level too low to be detected readily by RNA blot analysis, which is less sensitive than the RNase protection method used here. Extensive analyses and comparisons of the promoters of these two genes may reveal differences that explain the different expression patterns.
The amino acid sequence comparisons revealed that Arabidopsis ACCase has lower sequence identity with wheat or maize ACCase than with alfalfa ACCase. Since the wheat www.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1994 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 105, 1994 and maize sequences are not complete, we do not know whether they represent plastidial or cytosolic ACCase isozymes. Therefore, it is not known whether the lesser sequence identity primarily reflects differences between dicot versus monocot cytosolic ACCase or, rather, reflects structural differences between plastidial and cytosolic ACCase isozymes. Because of the different environments (e.g. different pH and [Mg2+]) in the plastid versus the cytosol of a plant cell, substantial structural differences in the isozymes from these locations might be expected.
ACCase appears to have an important regulatory role in plant fatty acid synthesis. Analysis of substrate and product pool sizes implicated ACCase in the light/dark regulation of fatty acid synthesis in spinach leaves and chloroplasts (PostBeittenmiller et al., 1991 (PostBeittenmiller et al., , 1992 . ACCase may also be the site of feedback inhibition of fatty acid synthesis in tobacco suspension cells supplemented with exogenous fatty acids (Shintani and Ohlrogge, 1993) . Furthermore, ACCase activity increases in association with lipid deposition in developing seeds of oilseed crops (Simcox et al., 1979; Tumham and Northcote, 1983; Charles et al., 1986; Deerburg et al., 1990 ). These observations have prompted speculation that ACCase may be a rate-limiting enzyme for oilseed fatty acid synthesis, but conclusive evidence supporting this hypothesis has not been obtained. For example, the activities and/or levels of a11 examined lipid biosynthetic proteins, and not just ACCase, increase during seed development . The availability of the ACCase gene described here, when modified to encode a plastid transit peptide, may allow a direct test in transgenic plants of the hypothesis that ACCase expression levels are limiting for seed oil production.
In conclusion, we have characterized an Arabidopsis gene that is transcribed in diverse tissues a n d appears to encode a cytosolic ACCase isozyme. We also have evidence for at least one additional Arabidopsis ACCase gene. These results plus future experiments manipulating the expression of the ACCase genes should help clarify how ACCase provides its product in varying amounts, times, and locations in the plant.
